Effects of demagnetizing factors on transient motion of ferrofluid in a uniform rotating magnetic field by Snively, Michael John
Effects of Demagnetizing Factors on Transient
Motion of Ferrofluid in a Uniform Rotating
Magnetic Field
by
Michael John Snively
Submitted to the Department of Mechanical Engineering
in partial fulfillment of the requirements for the degree of
Bachelor of Science in Mechanical Engineering
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
June 2011
c© Massachusetts Institute of Technology 2011. All rights reserved.
Author . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Department of Mechanical Engineering
May 6, 2011
Certified by. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Markus Zahn
T. and G. Perkins Professor of Electrical Engineering
Thesis Supervisor
Accepted by . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
John H. Lienhard V
Samuel C. Collins Professor of Mechanical Engineering
Undergraduate Offcer
2
Effects of Demagnetizing Factors on Transient Motion of
Ferrofluid in a Uniform Rotating Magnetic Field
by
Michael John Snively
Submitted to the Department of Mechanical Engineering
on May 6, 2011, in partial fulfillment of the
requirements for the degree of
Bachelor of Science in Mechanical Engineering
Abstract
The mechanisms that lead to bulk flow within a ferrofluid-filled container subjected
to a rotating uniform magnetic field are experimentally studied. There are two pre-
vailing theories: spin diffusion theory and flow due to non-uniformities in magnetic
field within the ferrofluid due to nonuniform demagnetizing factors. This research
sought to confirm previous measurements that indicated demagnetizing factors are
the primary cause of bulk ferrofluid flow. Flattened spherical containers of various
volumes, and thus different demagnetizing factors, were filled with EFH1 oil-based
ferrofluid and subjected to a uniform rotating magnetic field of varying conditions
(rotation direction and field strength). The shapes and magnitudes of the velocity
profiles measured by an ultrasound velocimeter system differed between containers,
indicating that demagnetizing factors did affect flow. The complicated flows within
the flattened spheres that affected both the shape and magnitude of the flow veloc-
ity prevented a direct magnitude comparison between profiles but the flows differed
enough to safely conclude that spatial non-uniformities within the fluid likely caused
the bulk flow of fluid in the uniform rotating magnetic field.
Thesis Supervisor: Markus Zahn
Title: T. and G. Perkins Professor of Electrical Engineering
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Chapter 1
Introduction
1.1 Ferrofluids
A ferrofluid is a collection of magnetic nanoparticles mixed in a stable colloidal sus-
pension of liquid, usually an oil or water. Brownian motion prevents the ferrofluid
particles from falling out of suspension. The magnetic particles are round and have an
average diameter of about 10 nm. Each particle is coated with a surfactant or surface
layer, approximately 2 nm thick, which helps prevent the particles from clumping to-
gether because the magnetic and van der Waals attraction between particles is weaker
than the repulsive forces between surfactant chains. It is also difficult for the coat-
ings on the magnetic nanoparticles to easily interpenetrate. Figure 1-1 depicts typical
ferrofluid particles. Ferrofluid particles account for up to 10% of the total volume a
typical ferrofluid colloidal mix [1].
Due to the even dispersion of the particles within their carrier fluid and their
small size, ferrofluids follow nearly the same laws of fluid dynamics as typical liquids
but the Navier-Stokes equation has added terms used to describe magnetic fields,
torque, and spin velocity effects. The dynamic properties of ferrofluids define the field
of “ferrohydrodynamics.” Ferrofluids are unique because they can be manipulated
with magnetic fields. Magnetic field induced motion of ferrofluid has resulted in
many practical applications and experimental phenomena. In his doctoral thesis,
Khushrushahi cites a host of practical applications including use as liquid-rotary-shaft
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Figure 1-1: Representation of ferrofluid particles, showing different compo-
nents and their relative sizes.
seals on disk drives, inertia dampers in stepper motors, and magnetically controlled
gates in microfluidic pumps [1][2].
A particularly interesting experimental phenomenon occurred during the study
of ferrofluid spin-up mechanisms. Spin-up mechanisms describe the means by which
ferrofluid reaches a steady state of rotation when under the influence of a rotating
magnetic field. This phenomenon involves the relationship between free surface flow
and bulk flow of a driven ferrofluid.
Initial experiments examining the free surface of a cylindrical container of fer-
rofluid under the influence of a magnetic field revealed a seemingly random relation-
ship between the rotation direction of the free surface and the rotation direction of
the magnetic field [2][3]. In some cases the the two would rotate in the same direction,
other times they would rotate opposite each other, and in some cases the free surface
would not rotate at all. A series of experiments performed by several researchers, all
cited by Khushrushahi, concluded that the shape of the meniscus at the free surface
determined which direction the free surface rotates with respect to the rotating mag-
netic field [2][3]. Figure 1-2 illustrates the findings. Initially researchers thought that
bulk flow rotation of the fluid was always in the same direction as the free surface but
18
the introduction of ultrasound velocimeter measurement techniques revealed that the
free surface of the fluid rotates independently of the bulk flow, which is always in the
direction of the magnetic field.
Figure 1-2: In a cylindrical container of ferrofluid with a free surface, a) a
concave meniscus results in counter-rotation of the free surface with respect to
the magnetic field, b) a flat meniscus results in no free surface rotation, and
c) a convex meniscus results in co-rotation of the free surface with respect to
the magnetic field, from [2][3].
According to Khushrushahi, researchers disagree as to which physical phenomenon
causes ferrofluid motion under a rotating magnetic field. There are two prevailing
theories: spin diffusion theory and the theory that non-uniformities in magnetic field
drive the flow. Khushrushahi’s thesis sought to determine which theory was correct,
eventually concluding that spin diffusion theory plays a minor role and that non-
uniformities in magnetic field are the primary cause for bulk flow [2].
1.2 Spin Diffusion Theory
Under the influence of a rotating magnetic field, individual ferrofluid particles try to
align with the magnetic field at any given instant in time. Rotational Brownian mo-
tion and Ne´el redistribution of sub-particle magnetic domains prohibits instantaneous
19
alignment and thus induces a lag between the magnetization of the particles and the
magnetic field. Within the bulk of the fluid, away from container boundaries, the spin
velocity of particles influenced by nonuniform magnetic fields are cancelled by the spin
velocities of adjacent particles, but near the edges of the container the spin veloci-
ties do not cancel because of fluid drag on the wall. This causes a net body-torque
density on magnetic particles near a wall which results in the ferrofluid particles at
the edges transferring their angular momentum into the surrounding fluid, dragging
it into rotation. Thus, the spin of the particles is diffused into the surrounding fluid
[2].
1.3 Non-uniformities in Magnetic Field Due to De-
magnetizing Effects
Ferrofluid has its net magnetism induced by an external magnetic field. A uniform
rotating magnetic field induces net magnetism within a container of ferrofluid, distort-
ing the magnetic field within the body of the fluid. Containers of asymmetric shape
tend to create larger non-uniformities in the magnetic field within the fluid. Each
container shape has an associated demagnetizing factor that quantifies the degree to
which the field within the container of fluid is distorted. Many scholars believe that
the primary causes of bulk ferrofluid flow in a uniform rotating magnetic field are
these spatial non-uniformities within the fluid. Khushrushahi cites several scholars
that claim magnetic fluid within a uniform rotating magnetic field would not flow
in a perfectly spherical container because the internal magnetic field is also uniform,
but would flow in containers of different shapes because the internal magnetic field is
non-uniform, even if the external magnetic field is uniform [2].
1.4 Overview of Thesis
Khushrushahi’s thesis concluded that spin-diffusion is not the significant cause for
ferrofluid flow and that non-uniformities in the magnetic field due to demagnetizing
20
factors are the dominant cause. Using an experimental configuration of a spherical
coil known as a “fluxball,” he examined fully filled spherical containers of ferrofluid for
flow and observed small flows that he attributed to experimental error or spin diffusion
boundary condition effects. An additional test with a magnetic coil introducing an
intentional non-uniformity in magnetic field caused significant flow in the spherical
container. Partially filling the container, creating a flattened sphere shaped volume
of fluid, also induced flow in the fluid because the non-spherical shape of ferrofluid
caused non-uniform magnetic fields in the ferrofluid.
This thesis builds upon the partially filled sphere portion of Khushrushahi’s test-
ing. Because a free surface of fluid existed within the sphere of Khushrushahi’s mea-
surements it is possible that there were significant surface affects like those shown in
Figure 1-2. This thesis examines the flow of ferrofluid within containers that have
a flattened top, eliminating the free surface from Khushrushahi’s experiments but
replicating the shape of the ferrofluid in his partially filled spherical containers. Con-
tainers of different volumes, and thus different demagnetizing factors, are used to
examine the effects of different demagnetizing factors on the magnitude of ferrofluid
bulk flow velocity within the container when under the influence of a uniform rotating
magnetic field.
Chapter 2 explains the experimental setup used for all experiments presented
in this thesis. It walks through two types of ferrofluid, both used by Khushrushahi
and one used in this research, the creation of the truncated sphere containers, the
apparatus used for generating the uniform rotating magnetic field, and the ultrasound
equipment used to measure the velocity of the ferrofluid under the magnetic field [5].
Chapter 3 details the experimental procedure. It outlines a specific series of
steps that should be followed each time data is collected and also provides equipment
settings.
Chapter 4 explains how to interpret the data from the experiments before pre-
senting the results from testing. It also seeks to interpret the data collected for various
magnetic field strengths, container sizes, and magnetic field rotation directions.
Chapter 5 summarizes the thesis and presents condensed results, conclusions,
21
and suggests other improvements for future research. The physical apparatus used
in this research restricted the number and variety of testing conditions possible and
Chapter 5 offers suggestions for improving the apparatus for future testing.
22
Chapter 2
Experimental Setup
2.1 Ferrofluid Varieties
Two primary forms of ferrofluid were considered in the research presented in this
thesis. The first, EFH1, is a much more magnetic fluid which produces large flows.
Testing with EFH1, an oil-based fluid, was prioritized over testing with MSGW11,
a water-based fluid, and in the end no tests on MSGW11 were conducted due to its
weaker magnetism and time constraints.
2.1.1 EFH1
EFH1 is an oil-based ferrofluid variety produced by FerroTec Corporation as a part of
their EFH Educational Series of ferrofluids. The precise composition of the mixture
is proprietary but Table 2.1 summarizes its composition and other properties.
The data sheet for EFH1 can be found in Appendix B, Figures B-9 to B-12.
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Table 2.1: Properties of EFH1 ferrofluid
Component Percentage by Volume
Magnetite 3− 15%
Oil Soluble Dispersant 6− 30%
Carrier Liquid 55− 91%
Property Value(s)
Boiling Point (◦F) 401-491
Specific Gravity 0.92 to 1.47
Vapor Pressure (mm Hg) 1 at 100◦F
Percent Volatile by Volume 55-91%
Vapor Density (AIR=1) 6.4
Solubility in Water Negligible
Evaporation Rate at < 0.1
Appearance and Odor Black liquid, mild odor
Speed of Sound 1116 m/s [2]
2.1.2 MSGW11
MSGW11 is a water-based ferrofluid variety produced by FerroTec Europe. As with
EFH1, the precise composition of the mixture is proprietary but Table 2.2 summarizes
its composition and several other properties. MSGW11 was used by Khushrushahi
in his research but no experiments were conducted with it for this research. Its
information is included for completeness and if further experiments are desired.
The data sheet for MSGW11 can be found in Appendix B, Figures B-13 to B-14.
2.2 Truncated Sphere Ferrofluid Container
To explore how demagnetizing effects affect flow in a uniform rotating magnet field,
truncated sphere containers are filled with ferrofluid. Hollow polypropylene spheres
are cut off at various heights to produce a hollow cavity with a flat horizontal rim.
The heights at which the containers are cut represent various percentages of the
original full volume of the sphere, specifically declinations of 10% full volume from
90% down to 10%. Each rim is capped using a plastic adhesive and polypropylene
cap. Containers are designed to be reusable.
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Table 2.2: Properties of MSGW11 ferrofluid
Component Percentage by Volume
Magnetite 2.8-3.5%
Dispersant 2− 4%
Water 92.5− 95.2%
Property Value(s)
Boiling Point (◦F) Not Flammable
Flash Point Not Flammable
Density 1180-1230 kg·m3
Solubility in Water Complete
pH value 6-7
Appearance and Odor Black viscous liquid, mild odor
Speed of Sound 1487 m/s [2]
The different shapes of containers, from a nearly full sphere to a small fraction,
have different demagnetizing factors. Thus, the container of ferrofluid is both acting
to change the factor being studied (the demagnetizing factors) and providing the
medium to observe the effects of that change (the ferrofluid, whose velocity will be
measured).
The creation of the truncated sphere containers is difficult and the following sub-
sections detail how each container is created.
2.2.1 Manufacturing Container Cavity
Polypropylene spheres with a 3.937” diameter, McMaster Part #3748K18, are used
to form the various ferrofluid containers. They must be truncated, each at a different
height, to produce partial spheres each capable of holding a different amount of fluid.
SolidWorks was used to determine where the spheres should be cut in order to
produce 10% reductions in full volume. Figure 2-1 shows the cross section of a sphere
with heights to cut as marked. For each height, the outer diameter (used for cap
sizing) is also marked. All dimensions are in inches.
Spheres are cut on a lathe but require a custom aluminum fixture. A number of
complications arise when attempting to hold the plastic spheres in a lathe without a
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3.133
1.712
1.444
1.154
.804
3.174
3.584
3.795
3.903
3.937
90% Volume
80% Volume
70% Volume
60% Volume
50% Volume2.225
2.493
2.783
40% Volume3.903 OD
30% Volume
20% Volume
10% Volume
3.795 OD
3.584 OD
3.174 OD
Figure 2-1: Cross section of hollow 3.937” diameter sphere with heights to cut
for 10% full volume reductions in volume marked. The outer diameter of the
sphere at each of those cuts is also marked. Dimensions are in inches.
fixture. Gripping the sphere in the chuck is unfeasible both because the force would
crush the plastic sphere and because cuts can not be made below the half way point
on the sphere, which is necessary for container volumes below 50%.
Methods other than a lathe to cut the spheres were considered and discarded.
Surface milling encounters the same difficulty with gripping below the halfway point.
Pushing the sphere up against a belt sander was considered but deemed too inaccurate
– there is no good way to ensure the sphere is sanded to a specific height and heat
from the sanding melts and deforms the sphere.
Attempts at turning the sphere on a lathe without a fixture were made but were
unsuccessful. One such attempt required opening up the sphere with a belt sander
and then pinching the sphere using a live center, inserted into the opening, against
the chuck, as shown in Figure 2-2. This resulted in a dimpling of the sphere where
the live center contacted it. It also did not provide enough pressure to prevent the
sphere from spinning when the cutting tool was applied.
The fixture employed is designed to transfer the force from the live center through
the wall of the sphere and into the chuck, instead of into open air like Figure 2-2. It
consists of two parts, one which is gripped in the chuck and the other that is held
inside the sphere with the live center.
Since the right portion of the fixture must grip the sphere from the inside, it
is still necessary to open up the sphere on a belt sander before mounting it in the
26
Live CenterChuck
Dimpling 
Deformation
Sphere
Opening
Figure 2-2: Cross section of hollow sphere “pinched” against a lathe chuck.
With only air behind the sphere, the live center deforms the sphere.
Left Portion of Fixture Right Portion of Fixture
Sphere
OpeningNo 
Deformation
Figure 2-3: Cross section of fixture holding sphere. The shoulder on the left
portion of the fixture butts up against the lathe. The indent on the right
portion of the fixture accepts the live center.
lathe. Figure 2-3 depicts how the sphere is sandwiched between the two pieces of the
aluminum fixture. All the force needed to hold the sphere on the lathe is transferred
from the tailstock of the lathe through the live center, into the fixture, through the
wall of the sphere, into the second half of the fixture, and then into the chuck. This
prevents sphere deformation while holding the sphere tightly enough for machining.
The shoulder on the chuck portion of the fixture butts up against the chuck during
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machining, as shown in Figure 2-4. This ensures that each time a sphere is machined
it will be the same distance from the chuck. The cutting tool can then be zeroed
against the chuck/shoulder as a consistent reference point.
Figure 2-4: The shoulder on the chuck portion of the fixture should butt up
against the chuck to provide a consistent surface to zero the cutting tool at.
Conversion from the heights in Figure 2-1 to distance from the chuck was accom-
plished by using the outer diameter of the flat cut surface of the sphere. Each desired
cut height has a corresponding flat cut surface outer diameter. Spheres were cut at
random distances from the chuck and their flat cut surface outer diameter compared
to the desired outer diameter. When a cut resulted in one of the outer diameters
corresponding to one of the heights from Figure 2-1, its distance from the chuck was
recorded. Recording the distance from the chuck for each cut allows for repeated
creations of any truncated spherical container by simply zeroing the cutting tool at
the chuck and cutting at the desired distance in Table 2.3.
A host of cutting tools were experimented with when cutting the polypropylene
sphere. Most, designed for metal machining, were not nearly sharp or narrow enough.
In the end, a razor blade fitted to a tool holder was found to be the best way of cutting
the spheres. Figure 2-5 shows the setup used, with sharp edge facing up.
Cutting the spheres at 770 RPM produced very clean cuts. Make sure, since
the sharp edge of the razor blade is facing up, that the lathe is spinning in a CCW
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Table 2.3: Distance from chuck to cut each sphere corresponding to particular sphere
volumes.
% of container’s Distance from Height of sphere after
original volume chuck to cut (in) cut (in), from Figure 2-1
10% 2.982 0.804
20% 3.400 1.154
30% 3.730 1.444
40% 4.037 1.712
50% 4.200 1.969 (missing from Figure 2-1)
60% 4.363 2.225
70% 4.670 2.493
80% 4.930 2.783
90% 5.310 3.133
Figure 2-5: Razor fit into a standard lathe tool holder with sharp edge facing
up.
direction and that the blade is slightly below the center of the sphere. Figure 2-6
shows the lathe during container manufacturing.
Drawings and dimensions for the fixture can be found in Appendix A, Figures A-1
to A-2.
A typical container machining experience would proceed as follows:
• Determine which volume container you want. For this example, assume an 80%
volume is desired.
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Figure 2-6: Container being manufactured.
• Take a complete sphere and push it against a belt sander to create a hole large
enough for a live center to enter.
• Take the chuck portion of the aluminum fixture and grip it in the lathe chuck
such that the shoulder is pushed up against the outer surface of the chuck, as
seen in Figure 2-4.
• Make sure the live center is set into the tail stock of the lathe.
• Attach the cutting tool holder, with razor blade, to the lathe.
• Use the right hand portion of the aluminum fixture and the live center to grip
the sphere, as seen in Figure 2-6.
• Zero the razor blade to the outside flat surface of the chuck that the fixture
shoulder is butted up against.
• Refer to Table 2.3 and determine that the distance from the chuck to cut the
sphere is 4.930 inches.
• Move razor blade 4.930 inches in the z direction of the lathe.
• Confirm that the razor blade is set slightly below (towards the ground, not
towards the ceiling) the midway point on the sphere.
• Turn on the lathe set to 770 RPM.
• Cut the sphere.
• Turn off the lathe and safely remove the sphere, careful not to cut yourself on
the razor blade.
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• Confirm that the outer diameter of the cut matches that shown in Figure 2-1,
3.584 inches.
• Re-cut if outer diameter is incorrect.
2.2.2 Manufacturing Container Lid
Lids for the containers are constructed from 3/16” polypropylene sheets, McMaster
Part #8742K234. Polypropylene was selected because the spherical container is also
made of polypropylene. Polypropylene has a very high surface energy and requires a
very specific type of adhesive for bonding. This adhesive works best when bonding
two pieces of the same material. Each lid is circular in shape and has diameter equal
to the measured outer diameter of the cut surface of each sphere.
Lids were produced using a laser cutter but a waterjet would work equally well.
The heat from the laser melted the polypropylene a bit and residue had to be scraped
off each lid with a razor, but the laser enabled identification markings to be engraved
on the top of each lid. Laser cutters are also more affordable, faster, and consume
less material than a waterjet.
A Universal Laser Systems VLS6.60 60W laser was used at 100% power and 1.5%
speed to cut the lids. Etching was done at 60% power and 50% speed. Figure 2-7
shows a typical cap, with percentage of initial volume, ferrofluid type, and GrilTex
concentration engraved. Red lines indicate a cut path while black indicates etching.
Professor David Wallace kindly provided his laser cutter for use in MIT’s Toy Design
Product Design Laboratory.
Each cap needs two holes drilled and tapped for 1/4-20 threads, each hole about
3/4” apart and with one in the approximate center of the cap. Pilot holes can be laser
cut but it is suggested that a #7 drill bit is used to make a clean hole for tapping.
Lasers and waterjets create a taper when cutting so tapping directly into a lasercut
or waterjet hole will create threads of varying depth which is undesirable.
From 1/4” polypropylene stock, McMaster part #8742K235, two rings of 1.6”ID
and 2”OD need to be cut for each cap. These will be used to create a well on the
cap surrounding the two holes. Dimensions for the rings can be found in Appendix
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Figure 2-7: Representative laser cutting template for cap.
A, Figure A-3.
Thread 1/4-20 5/8” plastic screws, McMaster part #99477A610, into the two
holes and cut/sand them flush with the underside of the cap. Be careful not to over-
tighten the screws or the threads in the cap will strip. The final container is now
ready for assembly.
2.2.3 Container Assembly
The various components of the container (sphere, cap, and rings) are assembled with
adhesive. As mentioned in Section 2.2.2, polypropylene requires a specific adhesive
to bond due to its high surface energy. 3M Scotch-Weld High Performance Industrial
Plastic Adhesive, part #4693H, was used. Heat curing is recommended but clamping
and letting cure for 24 hours is satisfactory for the purposes of this application. The
data sheet for the adhesive can be found in Appendix B, Figures B5 to B8.
The two rings need to be glued together and to the top of the cap, centered on the
two tapped holes. The cap needs to be glued to the top edge of the sphere. It is very
important to sand and roughen all surfaces that will be glued. Apply a bead of glue
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around the underside of the cap and on the undersides of both rings. Perfect seals
are required so make certain that there are no gaps in the glue bead. Affix the cap
to the sphere. Affix the rings, one on top of the other, to the top of the cap. Clamp
all four components together and let sit for 24 hours. Figure 2-8 shows a clamped
container after gluing.
Figure 2-8: The components of the container being clamped together, the final
stage of assembly.
After 24 hours the container is ready for use.
2.3 Fluxball
The uniform rotating magnetic field applied to the ferrofluid for this study is created
using an apparatus known as a fluxball. The particular fluxball used was created by
Clinton Lawler in 2007 while working towards his Masters degree at MIT [6]. The
fluxball is shown in Figure 2-9.
2.3.1 Mechanical Properties
The fluxball consists of two nested spheres, each divisible into two halves. All of the
structural components of the flux ball are fabricated from polycarbonate. Plastic is
used because metal would interfere with the uniformity of the two varying magnetic
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Figure 2-9: Lawler’s partially disassembled fluxball, used to generate a rotating
uniform magnetic field, from [6].
fields. Current-carrying coils are wrapped around the halves and connectors soldered
to the ends of the coils allow the halves of the sphere to be connected to each other
and to power supplies, as well as allowing them to be electrically separated both from
each other and the power supplies.
The inner sphere can be positioned inside the outer sphere in two different or-
thogonal orientations: that shown in Figure 2-9 and rotated 90◦ into the page. For
proper operation, the coils and associated magnetic field of the inner sphere must be
perpendicular to the coils and associated magnetic field of the outer sphere. Exciting
the two coils with sinusoidal currents 90◦ out of phase generates a uniform rotating
magnetic field. Exciting the two coils with in-phase phase currents creates a uniform
oscillating magnetic field.
Within the inner sphere is a teflon peg that allows a fixture to be positioned in the
exact center of the fluxball. Posts extending from the top and bottom of the inner
sphere are capped with rectangular plates that can be slotted into corresponding
notches inside the outer sphere. These posts and plates suspend the inner sphere
within the outer sphere during operation.
More specific to the study of spherical containers is the fixture used to hold the
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ferrofluid container inside the fluxball. The same fixture also holds the ultrasonic
probes that measure the velocity of the ferrofluid. Figure 2-10 shows this probe
holder and indicates some of the slots for probes.
Slots for ultrasound probes
Figure 2-10: Probe holder, designed both to hold ferrofluid container and
ultrasound probes.
Most of the probes are not radially directed meaning the ultrasound beam does
not pass through the center of the sphere. Instead, they are offset specific distances
so that the velocity of the fluid at different positions and in different regions of
the truncated sphere ferrofluid container can be calculated. Figures 2-11 and 2-12
show the angles and labeling scheme for the probes used in this study. Probes are
oftentimes referred to as “Channels” through the remainder of this thesis. Probes
one through four correspond to channels one through four so the terms can be used
interchangeably.
Channels 2 and 4 are particularly important because for container volumes less
than 50%, Channels 1 and 3 no longer point into the test container. Channels 2 and
4 are the only channels that will exist for each and every sample. Channel 4 is of
even greater importance because it measures the same distance for every container
size. Channel 2 only measures as far as the container is tall so comparisons between
extreme volumes such as 90% and 20% become difficult.
35
Channel 2
Channel 4
86.5 mm
Varies
Figure 2-11: Position of probe holders perpendicular to flat surface of capped
sphere.
Figure 2-12: Position of probe holders parallel to flat surface of capped sphere.
2.3.2 Electrical Properties
With the coils of the two spheres oriented perpendicular to each other, the magnetic
fields generated by each sphere will also be perpendicular to each other. When as-
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sembled and sinusoidal current is supplied to each sphere at a 90◦ phase difference,
a uniform rotating magnetic field is generated within the inner sphere. Figure 2-13
demonstrates how the plane of the rotating magnetic field is determined using the
coil directions of the two spheres and the right hand rule. The direction of rotation
will be discussed in Section 2.3.3.
Inner Sphere
Outer Sphere
⇀
B
⇀
B
Figure 2-13: Running current through the inner sphere and outer sphere with
90◦ phase difference produces a magnetic field within the inner sphere of the
fluxball that rotates within a plane defined by the coil direction of the two
spherical coils.
The flux ball is powered using the LVC 5050 power amplifier, the same amplifier
used by Lawler in his thesis [6].
Between the flux ball and the power supplies are a set of capacitors that allow
the flux ball to operate in resonance, maximizing the coil current and strength of
the rotating magnetic field. In his thesis, Khushrushahi derived the values for the
capacitors needed to operate the flux ball at both 47 Hz and 95 Hz [2].
2.3.3 Control
The power amplifier is connected to a computer and controlled via LabVIEW. The
LabVIEW program used, written by Khushrushahi and used in his thesis [2], takes
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input in the form of currents through the fluxball’s two spheres and outputs commands
to the power amplifier which feeds current to the two spheres. The result is a feedback
loop that allows the user to control the strength of the magnetic field within the inner
sphere and thus within the truncated sphere ferrofluid container. The user can also
control the rotation direction of the field (CCW versus CW) by adjusting the phase
offset, either +90◦ or −90◦ between the inner and outer spheres. The phase difference
is always applied to the outer sphere with respect to the inner sphere.
Figures 2-14 and 2-15 show just how the magnetic field rotates depending on inner
sphere orientation (flat surface of container vertical or horizontal with respect to the
ground), the phase offset between the inner and outer spheres, and in relation to the
velocimeter probes in the probe holder.
2.4 Ultrasound
The DOP2000 velocimeter by Signal Processing SA is used to measure and record
the velocity of the ferrofluid as a function of distance.
A series of probes can be connected to the DOP2000 via multiplexer on the back
of the unit. These probes fit inside the fluxball into the probe holder designed by
Khushrushahi, shown in Figure 2-10.
The probes emit pulses of sound that reflect off small latex particles, GrilTex-P1,
that should be mixed into the ferrofluid at a concentration of 0.008 g/mL. Several
consecutive pulses are enough to calculate how far GrilTex particles at different dis-
tances from the probe have moved towards or away from the probe in a given amount
of time. A velocity profile is then established for a particular probe as a function of
distance from the probe. Positive velocity indicates that particles are traveling away
from the probe.
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C1
20◦
Figure 2-14: Arrows indicate magnetic field rotation direction with respect
to the inner and outer spheres and the probe holder, all for a +90◦ phase
difference between the inner and outer spheres’ coils.
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20◦
Figure 2-15: Arrows indicate magnetic field rotation direction with respect
to the inner and outer spheres and the probe holder, all for a −90◦ phase
difference between the inner and outer spheres’ coils.
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Figure 2-16: The DOP2000 velocimeter, used to measure the velocity of the
ferrofluid as a function of distance, from [5].
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Chapter 3
Testing Procedure
This chapter provides a step by step guide to obtaining velocity measurements for
a single container of ferrofluid. This procedure was followed for all of the testing
and data collection presented in this thesis and should be followed if attempting to
reproduce the results presented in Section 4.2.
3.1 Filling a Container
As mentioned in Section 2.2, the truncated sphere containers are designed not only
to hold ferrofluids but also to be reusable. Containers can be filled and emptied.
3.1.1 Mix Ferrofluids in Storage Vessel
The latex particles (GrilTex-P1) suspended in both ferrofluids (EFH1 and MSGW11),
used for velocimeter measurements, tend to settle to the bottom of the fluid over time.
Experience shows that anywhere between half an hour to an hour is enough to cause
the particles to drop out of suspension thereby decreasing velocimiter sensitivity.
Before filling a spherical container for testing it is important to mix the ferrofluid
storage vessel using an orbital shaker. Mixing should last between fifteen and twenty
minutes.
Orbital shakers have a wide x-y planar throw that allows the fluid in the vessel
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to swirl and mix. Orbital shakers are preferred to vibrating tables because vibrating
tables use a high frequency vibration and a very small throw that causes the particles
to actually settle faster.
When shaking the storage vessel of ferrofluid, wire or otherwise affix it to the
shaker to ensure that it does not spill or topple off. The shaking necessary to mix
the fluid is more than enough to throw the vessel from the mixer.
3.1.2 Fill Container
The ultimate goal is to fill each partially spherical ferrofluid container such that no
air bubbles are present. It is important to fill the container shortly after mixing the
ferrofluid, ensuring that an even distribution of GrilTex-P1 is poured into the sphere.
Begin by removing both screws from the top of the container. A squirt bottle
like that shown in Figure 3-1 should be used to fill the bulk of the sphere with
ferrofluid. Squirt fluid into one hole until doing so results in fluid spilling out the
other hole. As shown in Figure 3-2, a cylindrical well surrounds both holes. Fill this
well approximately half way with ferrofluid.
Figure 3-1: Type of squirt bottle
used to fill each ferrofluid container.
Figure 3-2: Truncated sphere fer-
rofluid container with well for fill-
ing.
Hold the sphere and rock it slowly both in an orbital pattern and back and forth.
An air bubble exists inside the sphere that you should attempt to position under
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either of the two holes. The bubble will not be visible due to the opacity of the fluid
coating the inside of the container but you will know that air has escaped from the
container when a bubble pops out of the ferrofluid filling the well. If the level of the
ferrofluid in the well becomes too low, simply refill the well and continue rotating and
rocking the container until no more air bubbles escape. Replace both screws (take
care not to over-tighten them and strip the threads) before emptying the well. Drain
the well with a syringe. The end result is a container containing only ferrofluid and
no air, capped and sealed with adhesive, and closed with two plastic screws.
Initial attempts to fill the spheres without the use of a well, instead using just
the two holes and a syringe, were unsuccessful. It was effectively impossible to locate
the air bubble remaining in the container and attempts to top off the fluid resulted
in frequent spillage. This spillage was quite bothersome due to a unique affect that
EFH1 has on the adhesive used to seal the container: it degrades and dissolves it.
Containers last for about fifteen to thirty minutes when filled with EFH1 before the
seal is no longer reliable and the container should be re-glued and reassembled.
Since the fluid degrades the adhesive used to seal the cap on the container, the
adhesive was degraded from both the outside of the container and the inside if spillage
took place. This rendered the containers unusable for testing. After trying several
other methods of eliminating the air bubble from the container, the well method was
deemed the cleanest, most efficient, and most effective.
3.1.3 Mix Container
Immediately after filling the sphere with fluid, tie it to the orbital shaker and set it
shaking for another fifteen to twenty minutes. This serves two purposes:
1. Further mixes and evenly distributes the GrilTex-P1 particles.
2. Keeps the particles in suspension while the rest of the experimental setup is
prepared for the test.
This step can be avoided if the following steps (the setup of the fluxball and
ultrasound) have already been accomplished. For repeated trials of different container
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volumes, re-mixing the fluid inside the container is not necessary.
3.2 Prepare Fluxball
3.2.1 Capacitor Selection for Flux Ball Resonance
Resonant operation of the fluxball, necessary to create magnetic fields strong enough
to induce motion in the ferrofluid, requires specific values of capacitors to be hooked
in series with the current being fed to the inner and outer spheres of the fluxball.
Khushrushahi calculated the capacitances necessary for two frequencies of operation:
47 Hz and 95 Hz [2]. Figures 3-3 and 3-4 show those capacitance values.
47 Hz
66 µF 20 µF
Inner Sphere Outer Sphere
Figure 3-3: Capacitor schematic for resonant flux ball operation at 47 Hz.
95 Hz
Inner Sphere Outer Sphere
16 µF 5 µF
Figure 3-4: Capacitor schematic for resonant flux ball operation at 95 Hz.
The capacitors are protected in plastic electronic enclosures and can be connected
to the fluxball via banana plug cables.
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3.2.2 Angle and Disassemble Fluxball
The individual halves of the outer flux ball are quite heavy. As such, they have been
mounted to wheels and installed in a wooden track. This allows for easy alignment
during assembly and makes it easier to separate the two halves. Assembly and disas-
sembly is further eased by using a standard car jack to elevate one end of the wooden
track. Elevate the end of the wooden track until it sits at approximately 20◦ to the
table.
Make sure the windings between the two outer halves of the fluxball are not
connected. Pull the two halves of the fluxball’s outer sphere apart and slide one
half up the wooden track. Fix it in place by inserting either a metal rod or large
screwdriver in its path. After ensuring that the windings between the inner and
outer spheres are disconnected, remove the inner sphere and set it upright on the
table. Disconnect the windings between the top and bottom halves of the inner
sphere and remove the top. The fluxball is now completely disassembled.
3.2.3 Ultrasound Gel Application
It is crucial that good contact is made between the ultrasound probes and the outside
of the ferrofluid container. The best way to ensure good contact is the liberal use of
ultrasound gel. Pull each ultrasound probe out of their respective slots and squeeze
gel into each slot. This both lubricates the slot, making insertion of the probe easier
and causes a large glob of gel to sit on the sampling end of the probe. This blob
will flatten and spread when the sphere is pressed against it but, if applied liberally
enough, will ensure that ultrasound signals will be read across the entire diameter of
the truncated sphere container.
The probes are not all directed radially into the sphere so, due to geometric con-
straints, are not able to be pushed flush against the sphere. The gel helps compensate
for this less-than-ideal interface between probe and container, filling the gap caused
by the curvature of the sphere with gel that conducts ultrasound waves and passes
them into the ferrofluid container.
47
3.2.4 Configure LabVIEW
After the fluxball has been physically prepared, the power supplies turned on, and
while the container is still mixing, configure the LabVIEW software for the trial. Table
3.1 shows which configuration settings to use. Cells with multiple values indicate that
a trial should be done at each of those values.
Table 3.1: LabVIEW Configuration Settings
Field Value(s)
Vouter Phase wrt Vinner +90
(Vouter phase with respect to Vinner) −90
Inner fluxball Off
Outer fluxball Off
Same Current Inner and Outer On
All other buttons Off
Inner fluxball Set Point Current (RMS) 0
Outer fluxball RMS Current 0
Fluxball Frequency (Hz) 47
95
Third Coil set point current (RMS/DC) 0
All other fields Values do not matter
3.2.5 Press Container into Probe Holder
The physical setup is now ready to accept the ferrofluid container. Make sure the
container has mixed for at least fifteen minutes before removing it from the orbital
shaker.
Press the container down into the probe holder. Make sure the flat surface of the
container is parallel to the top surface of the probe holder. Ultrasound gel should be
squished between the probes and the container, resulting in good ultrasonic contact
between the probes and the outside wall of the container. Figure 3-5 shows a container
filled with ferrofluid pushed into the probe holder.
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3.3 Assemble Flux Ball
If the probe holder is not already mounted inside the lower half of the inner sphere,
do so now. It sits on a teflon peg that sticks up from the middle of the inner sphere,
insuring that the probe holder and container are centered within the fluxball. The
probe holder should be rotated until the plastic screw on the top face is collinear with
the black mark on the outside rim of the bottom half of the sphere. This alignment
can be seen in Figure 3-5. Wires leading from the ultrasound probes should be fed
out the bottom of the half sphere.
Figure 3-5: Ferrofluid container pushed into probe holder.
3.3.1 Inner Sphere
Set the top half of the inner sphere on top of the bottom half. Note where the
electrical connection occurs between the top and bottom halves of the sphere. Due
to the length of the connectors, the top portion of the sphere can only set on the
bottom portion in one orientation that allows the connection to be made.
Once the top half of the inner sphere is sitting on the bottom half, ensure that
there is no gap between the two (often caused by probe wires being stuck between
the two halves). Connect the coil from the top half of the sphere to the bottom half
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of the sphere. The inner sphere is now assembled.
3.3.2 Outer Sphere
The inner sphere now needs to be fit into the outer sphere. This can be done in one
of two orientations: horizontal and vertical. Both horizontal and vertical correspond
to the orientation of the flat surface of the container inside the inner sphere. Figure
3-6 shows inner sphere in the “Vertical” orientation, with the probe wires coming out
of what used to be the bottom of the inner sphere.
Figure 3-6: Inner sphere fit in the vertical orientation inside the outer sphere.
There are two wires inside the outer sphere that must be connected to the top
and bottom halves of the inner sphere. The wire at the bottom of the outer sphere
should be connected to the bottom half of the inner sphere (the half with the probe
wires coming out of it). The wire at the top of the outer sphere should be connected
to the top half of the inner sphere.
Before closing the outer sphere, snake an air hose through the end of the removed
half of the outer sphere (the half without the inner sphere sitting in it) and then feed
it into the inner sphere. This will help control the temperature inside the fluxball.
Similarly, snake a temperature probe into the inner sphere, this time through the
same hole that the probe wires are using to enter the inner sphere.
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With all probe wires, the air hose, and the temperature probe snaked through
the removed half of the outer sphere and then inserted into the inner fluxball, release
the removed half of the outer sphere to complete the flux ball. Use the same metal
rod or large screwdriver previously used to keep the outer sphere separated to keep
it together now. Two wires connecting the coils of the two halves of the outer sphere
need to be connected on the bottom of the outer sphere. Connect them. The sphere
should now look like that in Figure 3-7.
Figure 3-7: Assembled flux ball.
3.3.3 Finalizing Fluxball
Lower the jack propping the fluxball up. Turn on the air compressor so a steady flow
of air is entering the fluxball to keep it cool. Ensure that the temperature probe is
operating correctly. Double check all capacitor connections.
3.3.4 Turn on Power Supplies
It is important to turn the power supplies on before activating the LabVIEW software.
The software relies on several PID feedback loops that take current from the fluxball
as an input. If the software is started before power is fed to the fluxball and zero
current is fed back to the software, integral windup occurs and, when the power
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supplies are eventually turned on, they will source an extremely large amount of
current to the fluxball, damaging it and the power supplies.
3.4 Taking Measurements
3.4.1 Ultrasound Settings
The ultrasound system should be configured as follows:
Table 3.2: Ultrasound Configuration Settings
Velocimeter Settings Value(s)
Channels 1-4 Multiplexed
PRF 100-200 Hz
Emitting Frequency 4 MHz
Power Level High
Burst Length 8 cycles
Resolution 0.56 mm
Sensitivity Very high
Time Gain Control (TGC) Slope, 31 dB - 61 dB
Starting Depth 9 mm
Number of Gates 180-230
Number of Profiles 32
Emission/Profile 128
The multiplexer must be set to “Enabled” before data collection can begin. Ensure
that all four channels (one for each ultrasound probe) are configured with the settings
from Table 3.2. Also make certain that both the velocity profiles and the echo profiles
are being collected. Begin the sampling by pressing “Trigger.” When the samples are
done collecting save the data.
3.4.2 Measurement Types
Ideally, measurements should be taken according to Table 3.3. Due to time and
apparatus constraints, experiments were performed only on EFH1 at 95 Hz for 30%,
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40%, 70%, 80%, 90%, and 100% volumes. Each case should be recorded for RMS=1
and RMS=2, which equate to 50.6 Gauss and 101.2 Gauss respectively.
Table 3.3: Measurements to take
EFH1 Orientation Frequency Phase Offset
Various Volumes Vertical 95 Hz +90◦
−90◦
47 Hz +90◦
−90◦
Horizontal 95 Hz +90◦
−90◦
47 Hz +90◦
−90◦
MSGW11 Orientation Frequency Phase Offset
Various Volumes Vertical 95 Hz +90◦
−90◦
47 Hz +90◦
−90◦
Horizontal 95 Hz +90◦
−90◦
47 Hz +90◦
−90◦
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Chapter 4
Velocity Profiles for Various
Container Volumes
4.1 Reading Results
Results are all presented in graphical form with flow velocity (mm/s) as the ordinate
and distance from probe (mm) as the abscissa. As mentioned in Section 2.3.3, positive
velocity indicates that particles are traveling away from the probe. Figures 2-11 and
2-12 are reproduced below to help visualize what portions of the container the velocity
profiles represent. Figure 4-3 shows the entire assembled probe holder with ferrofluid
and marks where each probe is positioned. Figures 4-1, 4-2, and 4-3 give a complete
description of which probes emit pulses into which parts of the containers.
With a complete understanding of which probe, and thus which channel, represents
the different portions of the ferrofluid in the truncated sphere container, consider
Figure 4-4. Figure 4-4 is a representative set of velocimetry data, in this case for a
full sphere of EFH1 ferrofluid excited at 95Hz with a field strength of 101.2 Gauss.
Each of the four plots represents a different probe/channel. Velocity profiles in red
correspond to a +90◦ phase offset while blue corresponds to a −90◦ phase offset.
Each profile has had a baseline measurement, the velocity when no magnetic field is
applied, subtracted from it.
As an exercise in examining the plots that will be used to display results of testing
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Channel 2
Channel 4
86.5 mm
Varies
Figure 4-1: Portion of the probe holder containing Channels 1 and 3.
Figure 4-2: Portion of the probe holder containing Channels 2 and 4.
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Channel 1
Position
Channel 2
Position
Channel 3
Position
Channel 4
Position
Ferrofluid-filled Container
Figure 4-3: The probe holder depicting the probes and their orientation with
respect to the truncated sphere container of ferrofluid.
in this thesis we will examine some interesting features of this representative data.
Look closely at Channel 2, about 60 mm away from the probe. Spatially this repre-
sents nearly the top of the sphere of ferrofluid. The large spike is made extra large
due to aliasing but is the result of an air bubble trapped in the container. The free
surface of the bubble excited flow at the very top of the sphere. This flow was large
enough to cause residual flow lower in the container observable in Channels 1 and
3. Channel 4, far removed from the disturbance caused by the bubble, shows no
flow. Its distance from the bubble and lack of motion suggests that there was no bulk
flow in the full sphere of ferrofluid and that other recorded motion is just a result of
disturbances caused by the bubble’s free surface.
Appendix C shows many more graphs similar to Figure 4-4 for the different vol-
umes of truncated sphere containers. The flow of each container can be examined
individually but results are more meaningful when the velocity profiles for several
different container shapes are compared on the same graph.
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Figure 4-4: 100% container volume, RMS = 2 (101.2 Gauss), EFH1, 95Hz
velocity profile for +90◦ phase offset and −90◦ phase offset with baseline sub-
tracted.
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4.2 Results
As previously mentioned, Channel 4 is of primary interest because it is present for
all volumes of containers (Channels 1 and 3 are not present for volumes less than
70%) and measures through the same amount of fluid for each volume truncated
sphere container (Channel 2 depends on the volume of the container). As such, it can
be used as a point of comparison for all the containers. All channels are presented
together in Figure 4-5. This graph displays data for tests at 101.2 Gauss, +90◦
phase offset, EFH1 ferrofluid, and the truncated sphere ferrofluid container in the
horizontal orientation. A baseline measurement, the velocity profile with no magnetic
field applied, has been subtracted from each profile. Figure 4-6 shows velocity profiles
under all the same conditions but with a −90◦ phase offset. Velocity profiles at 50.6
Gauss were not well defined due to the weak magnetic field. Graphs like Figures
4-5 and 4-6 for 50.6 Gauss can be found in Appendix C along with graphs for the
individual container volumes comparing the positive and negative phase offsets with
a baseline measurement. There are also graphs comparing the positive and negative
90◦ offsets for each container volume with the baseline subtracted out.
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Figure 4-5: Velocity profiles for truncated sphere volumes of 30%, 40%, 70%,
80%, 90%, and 100% at 101.2 Gauss, +90◦ phase offset, and EFH1 fluid.
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Figure 4-6: Velocity profiles for truncated sphere volumes of 30%, 40%, 70%,
80%, 90%, and 100% at 101.2 Gauss, −90◦ phase offset, and EFH1 fluid.
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4.3 Interpretation
Looking at Channel 4 of Figure 4-6 we see first that the velocity profiles for the
different volumes of containers DO differ, but not just in magnitude. The shapes
of the velocity profiles differ from container to container, making direct magnitude
comparison difficult since the profiles intersect and cross each other at several points.
The other channels and Figure 4-5 reveal the same thing, that velocity profiles for the
different container volumes are clearly different but too complicated to make direct
magnitude comparisons. Velocity profiles of the same shape but differing magnitudes
would have enabled more precise conclusions to be drawn about how demagnetizing
factors influence the magnitude of the flow but the profiles are too complicated for
such conclusions to be drawn. Instead, Figures 4-5 and 4-6 suggest that demagnetizing
factors play a role but that the container shapes complicate the flows to the point
that more precise conclusions are difficult to draw.
A test was performed on a sphere filled to 100% volume, whose data was explored
in Section 4.1. Two small holes were drilled on the top to allow for filling and a piece
of plastic was glued over the holes when the sphere was full. Since no well was affixed
to the top to eliminate air bubbles, a small amount of air was trapped inside. Tests on
the full sphere show motion on Channels 1, 2, and 3. Channel 4 contains no motion.
As mentioned, of particular note is the large spike at the end of the Channel 2 velocity
profiles. This spike is likely due to an air bubble trapped at the top of the container
creating a free surface that induces motion. The velocity appearing in Channels 1
and 3 are likely residual, being transmitted down from the velocity induced at the
top of the sphere by the air bubble. It is important to note Channel 4, far removed
from the top of the sphere and the air bubble. Channel 4 has no velocity deviating
from the baseline, indicating no bulk flow in the lower half of the sphere.
The motion at the top of the full sphere and the Channel 4’s detection of no motion
in the bottom is useful because it indicates that since the 90% volume container, the
container closest in shape to the full sphere and thus the container with the smallest
demagnetizing factor, lacked the large spike in Channel 2, the well was effective in
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removing the air bubbles from the various containers.
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Chapter 5
Conclusion
5.1 Results Summary
Spherical containers cut and capped so that they have a flat surface were filled with
ferrofluid and placed within a uniform rotating magnetic field in order to examine
the effects of demagnetizing factors on the bulk flow of the ferrofluid. Containers
with less volume are less sphere-like and thus have higher demagnetizing factors. The
hypothesis was that these higher demagnetizing factors would create an obviously
higher flow velocity.
When results for several different container volumes, all tested with the same
strength magnetic field rotating in the same direction, were examined it became clear
first that the different container volumes created noticeably different shaped velocity
profiles. Comparing the magnitudes of these profiles is difficult since, with different
shapes, they constantly cross and intersect each other. This reveals that the flow
is highly non-linear and difficult to predict. The velocity profiles for the different
volumes of containers differed and the velocity profile on Channel 4 for a complete
sphere deviated negligibly from the baseline, indicating that demagnetizing factors,
as Khushrushahi stated, are the primary cause of ferrofluid flow when placed into a
uniform rotating magnetic field.
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5.2 Suggestions for Further Research
This research was built upon research performed by Shahriar Khushrushahi and used
equipment he designed and constructed. This imposed several constraints on this
research that prevented it from fully exploring the effects of demagnetizing factors.
In particular, the probe holder was ill-equipped to hold the partial sphere containers.
Volumes of 50% and 60% could not be placed in the probe holder because the bead of
glue holding the cap on interfered with the circumferential ring of the holder. Volumes
of 20%, 30%, and 40% all had to be taped to the probe holder to keep them affixed, as
in Figure 5-1. This was an imprecise and not always reliable process that sometimes
resulted in the containers slipping and changing their orientation during testing.
Figure 5-1: A container shown taped to the probe holder.
The probe holder was designed for the specific polypropylene spheres used by
Khushrushahi and thus those spheres were used for this research. The use of polypropy-
lene spheres required polypropylene lids and a very specific adhesive that, unfortu-
nately, reacts negatively with the EFH1 ferrofluid.
Additionally, testing could only take place with the containers at a horizontal
orientation because of mechanical difficulties associated with rotating the inner sphere
to achieve the vertical orientation. The probe holder interfaces with the inner sphere
via a small teflon peg. The probe holder press-fits onto the peg using a slot identical
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to the ones used to hold the probes, shown in Figure 5-2.
Interfaces with
teflon peg
Figure 5-2: Interface between probe holder and the teflon peg that affixes it
within the inner sphere.
The small cube with a hole in it is glued into the main structure of the probe
holder. When the inner fluxball sphere is rotated to put the container in the vertical
orientation, the probe holder is cantilevered out from the teflon peg and the glue
holding the small cube into the main structure of the probe holder often breaks,
causing the container to tilt forward mid-test. Since the teflon peg is the only way
to hold the probe holder within the fluxball, as it is currently designed, tests in the
vertical orientation were impossible.
For full-sphere tests in the horizontal orientation Khushrushahi’s probe holder is
ideal, but to perform tests in the vertical orientation with partial sphere containers I
suggest a complete redesign of the probe holder which eliminates the use of the teflon
peg and is better able to hold the partial sphere containers. This would also enable
the use of plastic spheres with a lower surface energy, acrylic for example, which can
be bonded with a much more powerful adhesive that does not degrade when exposed
to EFH1.
The inner sphere of the fluxball, like the rest of the fluxball, is constructed from
stacked sheets of polycarbonate. These stacked sheets create steps within the sphere
that would perfectly accommodate a fixture of the same size, a large ring that can
snap into the body of the sphere itself instead of being cantilevered out into open
space. The surface for snapping this type of fixture into place is indicated in Figure
67
5-3.
Figure 5-3: The inside of the inner sphere, showing the rings of plastic used
for its construction and the steps, or levels, it creates, from [6].
A fixture that can snap into place within the inner sphere, if ring shaped, could
hold the partial-sphere container in its middle using some mechanical form of attach-
ment, likely lead screws or clamps of some kind. Also nice would be a leveling feature,
a clamp or surface that ensures the flattened portion of the sphere is exactly parallel
to the bottom of the sphere. In general, the goal should be a probe holder/fixture
that is easy to put in place, holds the probes, and allows for repeatable structural
placement of the partial sphere containers.
It is highly suggested that this type of change take place before further testing
occurs. The probe holder and probe placement was the least repeatable portion
of testing and the most frustrating, especially when compounded with the design
constraints it placed on the containers.
Further testing to be conducted includes containers in the vertical orientation,
experiments with MSGW11, experiments at 45 Hz, and testing with containers of
10%, 20%, 50%, and 60% volumes.
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Appendix A
Drawings
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Figure A-1: Left portion of fixture. This portion should be gripped in the
chuck at the shoulder.
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Figure A-2: Right portion of fixture. This portion should be pressed by a
live center into the left portion of the fixture with the plastic sphere squished
between.
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Figure A-3: One of two rings that should be stacked to form well on container
cap
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Appendix B
Materials
Catalog Page | Bookmark
Packs of 1
Plastics
3748K18
In stock for $4.43 per pack
More About Performance Plastics
5 packs were ordered 01/14/11 5Wits
Material Polypropylene
Polypropylene Material Easy-to-Machine Chemical-Resistant Polypropylene
Backing Plain Back
Finish Smooth
Shape Balls
Ball Type Hollow
Diameter 3.937"
Diameter Tolerance ±.05"
Translucent Translucent White
Operating Temperature Range Up to +220° F
Softening Point Not Rated
Tensile Strength Poor
Impact Strength Poor
Tolerance Standard
Grade Not Rated
Hardness Not Rated
Sphericity Not Rated
Quantity 1
Specifications Met Not Rated
© 2011 McMaster-Carr Supply Company. All rights reserved.
Figure B-1: McMaster, Hollow spheres used for containers,
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Catalog Page | Bookmark
Each
Plastics
8742K234
In stock for $8.77
More About Performance Plastics
Material Polypropylene
Polypropylene Material Easy-to-Machine Chemical-Resistant
Polypropylene
Backing Plain Back
Finish Smooth
Shape Sheets, Bars, Strips, and Cubes
Sheets, Bars, Strips, and Cubes Type Rectangular Sheet
Thickness 3/16"
Thickness Tolerance ±.019"
Length 24"
Length Tolerance +1"
Width 12"
Width Tolerance +1"
Translucent Translucent White
Operating Temperature Range 0° to +180° F
Softening Point +300° to +350° F
Tensile Strength Poor
Impact Strength Good
Tolerance Standard
Hardness Rockwell R79-R115
Specifications Met Food and Drug Administration (FDA)
Compliant, Underwriters Laboratories (UL),
U.S. Department of Agriculture (USDA)
Compliant
UL Rating UL 94HB
© 2011 McMaster-Carr Supply Company. All rights reserved.
Figure B-2: McMaster, Plastic used for container caps.
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Catalog Page | Bookmark
Each
Plastics
8742K235
In stock for $11.05
More About Performance Plastics
Material Polypropylene
Polypropylene Material Easy-to-Machine Chemical-Resistant
Polypropylene
Backing Plain Back
Finish Smooth
Shape Sheets, Bars, Strips, and Cubes
Sheets, Bars, Strips, and Cubes Type Rectangular Sheet
Thickness 1/4"
Thickness Tolerance ±.025"
Length 24"
Length Tolerance +1"
Width 12"
Width Tolerance +1"
Translucent Translucent White
Operating Temperature Range 0° to +180° F
Softening Point +300° to +350° F
Tensile Strength Poor
Impact Strength Good
Tolerance Standard
Hardness Rockwell R79-R115
Specifications Met Food and Drug Administration (FDA)
Compliant, Underwriters Laboratories (UL),
U.S. Department of Agriculture (USDA)
Compliant
UL Rating UL 94HB
© 2011 McMaster-Carr Supply Company. All rights reserved.
Figure B-3: McMaster, Plastic used for wells on caps.
CAD | Catalog Page | Bookmark
Packs of 10
Socket Cap Screws
99477A610
In stock for $5.91 per pack
Head Style Standard
Standard Head Style Standard
Material Type Plastic
Class Not Rated
Plastic Type Polypropylene
Drive Style Hex Socket
Inch Thread Size 1/4"-20
Length 5/8"
Thread Length Fully Threaded
Thread Direction Right Handed
Tip Type Plain
Self-Locking Method None
Screw Quantity Individual Screw
Hex Size 3/16"
Head Diameter 3/8"
Head Height 1/4"
Color Off-White
Temperature Range -20° to +212° F
Rockwell Hardness Not Rated
Minimum Tensile Strength Not Rated
Specifications Met Not Rated
Figure B-4: McMaster, Screws used to plug container caps.
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3
Scotch-Weld™
High Performance Industrial Plastic Adhesives
4693 • 4693H
Features • 3M™ Scotch-Weld™ High Performance Industrial Plastic Adhesive 4693: low
viscosity grade for spray or brush application.
• 3M™ Scotch-Weld™ High Performance Industrial Plastic Adhesive 4693H: high
viscosity grade in collapsible tubes for flow applications.
• Clear, elastomeric adhesives with high immediate bond strength, long tack range
and contact bond properties.
• Exhibit outstanding bond strength to many metals and many plastics such as ABS,
glass filled polyester, polypropylene, linear polyethylene and hi-impact styrene.
• Dries to a tough, flexible and transparent film with good resistance to water and
aging.
Note: Not recommended for use on plasticized vinyl. Use on plasticized vinyl may
result in poor adhesion or bonds that deteriorate over time.
Technical Data September, 2010
Typical Physical
Properties
Note: The following technical information and data should be considered representative
or typical only and should not be used for specification purposes.
Product 3M™ Scotch-Weld™ High Performance Industrial Adhesives
4693 4693H
Base Synthetic Elastomer Synthetic Elastomer
Color Clear Clear
Solvent Clyclohexane, acetone Clyclohexane, acetone
Net Weight (approx.) 6.6 - 7.0 lbs./gal. 6.8 - 7.2 lbs./gal.
Flash Point 1°F (-17°C) c.c. 1°F (-17°C) c.c.
Solids Content (approx.) By wt., 24-28% By wt., 38-43%
Coverage (typical) 308 ft.2/gal. @ 2.5 gms./ft.2 dry wt. 457 ft.2/gal. @ 2.5 gms./ft.2 dry wt.
Viscosity (approx.) 175 - 275 cps 1800 - 3000 cps
Brookfield Viscometer RVF #2 sp @ 20 rpm @ 80°F (27°C) RVF #4 sp @ 20 rpm @ 80°F (27°C)
Handling/Application
Information
Surface Preparation: Surfaces must be dry and free of dust, dirt, grease, oil, mold
release materials or other contaminants. For best results, temperature of adhesive
should be at least 65°F (18°C).
Application
Porous Surface: Brush, spray or flow an even coat of adhesive to both surfaces.
Very absorbent materials may require more than one coat. Bond while adhesive is
tacky. Join surfaces with firm pressure.
Figure B-5: 3M, Plastic adhesive used to bond caps, Page 1
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3M™ Scotch-Weld™
High Performance Industrial Plastic Adhesives
4693 • 4693H
- 2 -
Application Equipment
Suggestions
Note: Appropriate application equipment can enhance adhesive performance. We
suggest the following application equipment for the user’s evaluation in light of
the user’s particular purpose and method of application.
1. Pumping: A 2:1 divorced design pump is suggested. All material hoses should
be nylon or PVA lined. Packings and glands in contact with the adhesive should
be PTFE lined.
2. Spray (Air Atomized):
Production Type Spray Equipment
Approximate Air
Spray Gun Air Cap Fluid Tip Air Pressure Requirement* Fluid Flow
DeVilbiss 777 FX 80 psi 25 CFM 8 fl. oz./min.
JGA
Binks No. 95 or 2001 66 PH 63A 80 psi 25 CFM 9 fl. oz./min.
Low Volume Spray Equipment
DeVilbiss 45 E 25 psi 31/2 CFM 8-9 fl. oz./min.
JGA
Binks No. 95 or 2001 66 SE 66 25 psi 6 CFM 8-9 fl. oz./min.
*3 H.P. Compressor for intermittent use.
5 H.P. Compressor for continuous use.
**To Measure Fluid Flow: Pressurize fluid source only; pull trigger, flow material into measuring
device for 60 seconds, increase or decrease fluid source pressure to obtain desired fluid flow.
3. Hoses: All material hoses should be nylon or PVA lined. If product is sprayed,
use functioning spray booth.
4. Brush/Roller: Typical brushes/rollers designed for oil-based paint may be used.
Handling/Application
Information (continued)
Non-Porous Surface: Brush, spray or flow an even coat of adhesive to both
surfaces. To achieve a satisfactory bond, adhesive must be force dried @ 180°F
(82°C). Bond with firm pressure while warm.
Drying Time: Drying time depends on temperature, humidity, air movement and
porosity of the materials bonded. When brushing, wait a minimum of 10 minutes.
Bonds can be made up to 60 minutes. Sprayed bonds may be made almost
immediately and up to 60 minutes.
Heat Reactivation: Adhesive may be heat reactivated by raising the glueline
temperature to 180°F (82°C).
Cleanup: Excess adhesive may be removed with a solvent such as 3M™
Scotch-WeldTM Solvent No. 2.*
*Note: When using solvents, extinguish all ignition sources, including pilot lights,
and follow manufacturer’s precautions and directions for use.
Figure B-6: 3M, Plastic adhesive used to bond caps, Page 2
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3M™ Scotch-Weld™
High Performance Industrial Plastic Adhesives
4693 • 4693H
Storage Store product at 60-80°F (16-27°C) for maximum storage life. Higher temperatures
can reduce normal storage life. Lower temperatures can cause increased viscosity
of a temporary nature. Rotate stock on a “first in-first out” basis.
Typical Performance
Characteristics
Note: The following technical information and data should be considered representative
or typical only and should not be used for specification purposes.
180° Peel Strength @ RT Creep Resistance
(after aging 1-2 days @ RT and 1 day @ 120°F (49°C) Canvas/Canvas
(after aging 1-2 days @ RT and 1 day
@ 120°F (49°C) 500 gram wt. applied in peel)
Value Value Creep in
Canvas to: lb/in width Canvas to: lb/in width Test Temp. 2 hrs. (inches)
Aluminum 23 Polyester, filled 21 160°F (71°C) 0
Steel 22 Polyethylene, linear 11
ABS 20 Polypropylene 19
Acrylic 18 PVC, Hi-impact 20
Nylon 6 19 Styrene, Hi-impact 21
Phenolic Board 20
Shelf Life When stored at the recommended temperature in the original, unopened container
this product has a shelf life of 15 months from date of shipment.
Figure B-7: 3M, Plastic adhesive used to bond caps, Page 3
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3M™ Scotch-Weld™
High Performance Industrial Plastic Adhesives
4693 • 4693H
Refer to Product Label and Material Safety Data Sheet for health and safety information before using this
product. For additional health and safety information, call 1-800-364-3577 or (651) 737-6501.
Precautionary
Information
3M and Scotch-Weld are trademarks 
of 3M Company.
Printed in U.S.A.
©3M 2010 78-6900-0263-5 (9/10)
Recycled Paper
40% pre-consumer
10% post-consumer
3
Industrial Adhesives and Tapes Division
3M Center, Building 225-3S-06
St. Paul, MN 55144-1000
800-362-3550 • 877-369-2923 (Fax)
www.3M.com/industrial
The technical information, recommendations and other statements contained in this document are
based upon tests or experience that 3M believes are reliable, but the accuracy or completeness of such
information is not guaranteed.  
Technical Information
Unless an additional warranty is specifically stated on the applicable 3M product packaging or product
literature, 3M warrants that each 3M product meets the applicable 3M product specification at the time
3M ships the product. 3M MAKES NO OTHER WARRANTIES OR CONDITIONS, EXPRESS OR
IMPLIED, INCLUDING, BUT NOT LIMITED TO, ANY IMPLIED WARRANTY OR CONDITION OF
MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE OR ANY IMPLIED WARRANTY
OR CONDITION ARISING OUT OF A COURSE OF DEALING, CUSTOM OR USAGE OF TRADE. 
If the 3M product does not conform to this warranty, then the sole and exclusive remedy is, at 3M’s
option, replacement of the 3M product or refund of the purchase price.  
Warranty, 
Limited Remedy, 
and Disclaimer
Except where prohibited by law, 3M will not be liable for any loss or damage arising from the 3M product,
whether direct, indirect, special, incidental or consequential, regardless of the legal theory asserted,
including warranty, contract, negligence or strict liability.
Limitation of Liability
This Industrial Adhesives and Tapes Division product was manufactured under a 3M quality system registered to ISO 9001:2000 standards.
ISO 9001:2000
Many factors beyond 3M’s control and uniquely within user’s knowledge and control can affect the use
and performance of a 3M product in a particular application. Given the variety of factors that can affect
the use and performance of a 3M product, user is solely responsible for evaluating the 3M product and
determining whether it is fit for a particular purpose and suitable for user’s method of application.
Product Use
Figure B-8: 3M, Plastic adhesive used to bond caps, Page 4
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MATERIAL SAFETY DATA SHEET 
 
 
SECTION I: PRODUCT IDENTIFICATION 
 
MANUFACTURER’S NAME:  Ferrotec (USA) Corporation 
ADDRESS:     33 Constitution Drive 
      Bedford, N.H. 03110 
TELEPHONE:    (603) 472-6800 
EMERGENCY ONLY TELEPHONE: (800) 424-9300 (Domestic) 
      (703) 527-3887 (For International) 
CHEMICAL NAME:    Proprietary Product 
TRADE NAME & SYNONYMS:  EFH Series 
CHEMICAL FAMILY:   Colloidal Dispersion 
FORMULA:     Mixture 
 
SECTION II: COMPONENTS 
 
The precise composition of this mixture is proprietary information. A more complete disclosure 
will be provided to a physician or nurse in the event of a medical emergency. 
 
Magnetite:     3-15 % by volume 
Oil Soluble Dispersant:   6-30 % by volume 
Carrier Liquid:    55-91 % by volume 
 
SECTION III: CHEMICAL AND PHYSICAL PROPERTIES 
 
Boiling Point (°F):              401-491 
Specific Gravity:    0.92 to 1.47 
Vapor Pressure (mm Hg.):            1 at 100°F 
Percent Volatile by Volume:   55-91 % 
Vapor Density (AIR = 1):   6.4 
Solubility in Water:    Negligible 
Evaporation Rate at:    <0.1 
Appearance & Odor:    Black liquid, mild odor 
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SECTION IV: FIRE AND EXPLOSION HAZARD AREA 
 
Flash Point (°F):     160° 
 
Method:      TCC 
 
Flammable Limits:     uel:   0.6 
       lel :   7.0 at 77°F 
 
Extinguishing Media:     CO2, Foam, dry chemical, water spray. 
 
Special Fire Fighting Procedure: Avoid smoke inhalation. Water spray may 
cause frothing. 
 
Unusual Fire and Explosion Hazard:   None 
 
SECTION V: HEALTH HAZARD AREA 
 
Threshold Limit Value: 5mg/m3  for oil mist in air (OSHA 
Regulations 29 CFR 1910-1000) 
 
Effects of Overexposure: No experience with overexposure. 
Prolonged or repeated contact with skin or 
eye contact may cause irritation. Inhalation 
of mist or vapor at high temperature may 
irritate respiratory passages. 
 
Emergency and First Aid Procedures: 
 
      Skin Contact: Wash with soap and water. 
 
      Eyes: Flush with water and consult a physician for 
treatment. 
 
      Inhalation of Smoke or Mist: Move to fresh air and refer to physician for 
treatment.  
      
      Ingestion: The material has minimal toxicity, but fluid 
aspirated into the lungs during ingestion 
could cause severe pulmonary injury. 
You should not induce vomiting and should 
seek medical attention if the material is 
ingested.         
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SECTION VI: REACTIVITY DATA 
 
Stability: Unstable   [  ]    Conditions to Avoid: Pyrolysis 
 Stable      [x] 
 
Incompatibility (materials to avoid): Strong oxidizing materials, heat, and flame. 
 
Hazardous Decomposition Products: Burning may produce carbon monoxide and 
nitrogen oxides. 
 
Hazardous Polymerization: May Occur [  ]  Will Not Occur [x] 
 
SECTION VII: SPILL OR LEAK PROCEDURES  
Steps to be taken in case material is released or spilled: 
 
     Remove free liquid. Add absorbent (sand, earth, sawdust) to spill area. 
     After removing absorbent, wash surface with soap and water to reduce possible slipping  
     hazard. 
 
Waste Disposal Method: 
 
     Consult federal, state and local regulations applicable to disposal of waste oils. 
 
SECTION VIII: SPECIAL PROTECTION INFORMATION         
 
Respiratory Protection (Specify Type): 
 
     None required unless smoke, mists, or vapors are produced. 
 
Ventilation: 
 
     No special ventilation required. 
 
Protective Gloves: 
 
     If required to prevent prolonged or repeated skin contact. 
 
Eye Protection: 
 
     Safety glasses, if splash is possible. 
 
Other Protective Equipment: 
 
     Not needed. 
SECTION IX SPECIAL PRECAUTIONS        
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Precautions to be taken in handling and storing: 
 
     Ordinary care in handling chemicals.  Wash hands after handling. 
 
Other Precautions: 
 
     Avoid contamination of tobacco products. Users should be aware that a very small 
     percentage of the population may display unexpected allergic skin reactions to 
     otherwise innocuous industrial chemicals and raw material. 
 
SECTION X: TRANSPORT INFORMATION 
U.S. DOT Bulk 
Shipping Description: Not regulated 
 
U.S. DOT Non-Bulk  
Shipping Description: Not regulated 
 
IMDG Code 
Shipping Description: Not regulated 
 
ICAO Shipping Description: Not regulated 
 
ADR/RID Hazard Class: Not regulated 
 
SECTION XI: COMMENTS   
 
*   This product DOES NOT contain any materials considered to be carcinogenic by any  
  recognized sources. 
 
**          This material is not sold for use in products for which prolonged contact with skin or   
              implantation in the human body is intended.  Ferrotec (USA) Corporation does not  
              recommend this material as safe and effective for such uses and assumes no liability for    
              any such use. 
 
***        This product does not contain any chemical subject to the reporting requirements of      
              Section 313 of  Title III of the Superfund Amendment and Reauthorization Act of 1986  
              and 40 CFR Part 372. 
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Material Safety Data Sheet saccording to 93/112/EWG date: 2004-12-21
1 Product identification
1.1 Product name: Ferrofluid, type: MSG W11
1.2 Manufacturer Ferrotec GmbH
Seerosenstr. 1, 72669 Unterensingen, 
phone: +49 7022 9270 – 0
represented by the managing director
M. Andreas Quendt
1.3 Emergency telephone: +1 703 527-3887 
2. Components
2.1 magnetite: 2.8...3.5% (Vol)
dispersant: 2...4% (Vol)
water: 92.5...95.2% (Vol)
3. Hazards
3.1 The particles in the colloid cause persistant stains on textiles, on the skin etc. The particles are very small and
get into pores. Stains on the skin are harmless, but may derogate in the eye. 
4. First aid
contact with skin: wash with soap and water.
contact with eye: flush with water and consult a physician.
inhalation: move to fresh air and consult a physician. 
ingestion: always consult a physician.
5. Fire hazard
extinguishing material: not flamable
dangerous reactions: pyrolyse may produce small quantities of CO and NOx
6. Spill or lead procedures
Avoid extensive contact with skin, if necessary use protectve gloves.
Remove free liquid with absorber material (sand, sawdust) and wash the surface with soap and water.
Dispose waste water over an oil separator.
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7. Handling and storage
7.1 Handling: Avoid prolonged or repeated skin contact. Use protective gloves if
necessary.
7.2 Storage: Store the container in an upright position, keep closed.
8. Personal protection
Use safety glasses if splash is possible.
9. Physical properties
Appearance: black viscous liquid, no odor
boiling point: not inflammable
flash point: not inflammable
density: 1180..1230 Kg m-3 
solubility in water: complete, 0..100%
pH value: 6..7
10. Reactivity data
Avoid pyrolysis and strong oxidizing materials.
11 Toxicological properties
Threshold limit value for oil mist in air: 5 mg/m3 (OSHA, 29 CFR 910-1000)
This material is not sold for use in products for which prolonged contact with human body is intended.
This product does not contain any chemical considered cancerogenic by any recognized sources.
12 Environmental data
No environmental data available. 
13 Disposal
14 Transportation
Transport by land ADR/RID and GGVS/GGVE (transborder/national):
ADR/RID-GGVS/E class: -
Seeschiffstransport IMDG/GGVSee:
IMDG/GGVSee-class: -
Marine pollutant: No
Air transport ICAO-TI and IATA-DGR:
ICAO/IATA-class: -
Transport/further notes:
According to danger goods-/Transport regulations not classified dangerous.
15 Regulations
16 Other information, comments
Users should be aware that a small percentage of the population may display unexpected allergic skin reactions
to otherwise innocuous industrial chemicals and raw material.
PM = Mthod for determination for the flash point according to Pensky-Martens.The flash point is a temperature limit above which vapors
in flamable concentration escape.
OSHA = Occupational Safety & Health Administration (in the US)
All components are listed in European Lists and are allowed  to be imported to the EU. All data are based on best todays
knowledge.They should specify the product in terms of security, and are  not meant to be application related attributes, and therefore are
not contracting.  This is an MSDS according to European regulations and  §14 GefStoffV (Germany).  For n o t classified products this is
on voluntarily basis. 
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Appendix C
Additional Graphs
87
Figure C-1: 30% container volume, RMS = 2 (101.2 Gauss), EFH1, 95Hz
velocity profile for baseline, +90 phase offset, and -90 phase offset
88
Figure C-2: 30% container volume, RMS = 2 (101.2 Gauss), EFH1, 95Hz ve-
locity profile for +90 phase offset and -90 phase offset with baseline subtracted.
89
Figure C-3: 40% container volume, RMS = 1 (50.6 Gauss), EFH1, 95Hz ve-
locity profile for baseline, +90 phase offset, and -90 phase offset
90
Figure C-4: 40% container volume, RMS = 2 (101.2 Gauss), EFH1, 95Hz
velocity profile for baseline, +90 phase offset, and -90 phase offset
91
Figure C-5: 30% container volume, RMS = 2 (101.2 Gauss), EFH1, 95Hz ve-
locity profile for +90 phase offset and -90 phase offset with baseline subtracted.
92
Figure C-6: 70% container volume, RMS = 1 (50.6 Gauss), EFH1, 95Hz ve-
locity profile for baseline, +90 phase offset, and -90 phase offset
93
Figure C-7: 70% container volume, RMS = 2 (101.2 Gauss), EFH1, 95Hz
velocity profile for baseline, +90 phase offset, and -90 phase offset
94
Figure C-8: 30% container volume, RMS = 2 (101.2 Gauss), EFH1, 95Hz ve-
locity profile for +90 phase offset and -90 phase offset with baseline subtracted.
95
Figure C-9: 80% container volume, RMS = 1 (50.6 Gauss), EFH1, 95Hz ve-
locity profile for baseline, +90 phase offset, and -90 phase offset
96
Figure C-10: 80% container volume, RMS = 2 (101.2 Gauss), EFH1, 95Hz
velocity profile for baseline, +90 phase offset, and -90 phase offset
97
Figure C-11: 30% container volume, RMS = 2 (101.2 Gauss), EFH1, 95Hz
velocity profile for +90 phase offset and -90 phase offset with baseline sub-
tracted.
98
Figure C-12: 90% container volume, RMS = 1 (50.6 Gauss), EFH1, 95Hz
velocity profile for baseline, +90 phase offset, and -90 phase offset
99
Figure C-13: 90% container volume, RMS = 2 (101.2 Gauss), EFH1, 95Hz
velocity profile for baseline, +90 phase offset, and -90 phase offset
100
Figure C-14: 30% container volume, RMS = 2 (101.2 Gauss), EFH1, 95Hz
velocity profile for +90 phase offset and -90 phase offset with baseline sub-
tracted.
101
Figure C-15: 100% container volume, RMS = 1 (50.6 Gauss), EFH1, 95Hz
velocity profile for baseline, +90 phase offset, and -90 phase offset
102
Figure C-16: 100% container volume, RMS = 2 (101.2 Gauss), EFH1, 95Hz
velocity profile for baseline, +90 phase offset, and -90 phase offset
103
Figure C-17: 100% container volume, RMS = 2 (101.2 Gauss), EFH1, 95Hz
velocity profile for +90 phase offset and -90 phase offset with baseline sub-
tracted.
104
 105 
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